Severe keratinous hoof afflictions have been recorded in ibex (Capra ibex ibex) since 1995 and more recently in mouflon (Ovis aries musimon) in Switzerland. Based on clinical observations and comparison with diseases known to affect domestic ungulates, it was hypothesized these wild ungulates were affected by foot rot associated with infection with Dichelobacter nodosus. Dichelobacter nodosus has been shown to be the essential pathogen for initiation and establishment of foot rot, a highly contagious foot disease of sheep and goats. Because these bacteria could not be cultivated from affected ibex, we developed a nested polymerase chain reaction that allowed detection of D. nodosus without culture. Using this assay, we were able to diagnose D. nodosus infections of ibex, mouflon, and domestic sheep in natural outbreaks. From these results we conclude that D. nodosus plays an etiological role in foot rot not only in domestic but also in wild Caprinae.
INTRODUCTION
Foot rot in domestic sheep and goats is a highly contagious disease that results from a mixed bacterial infection of the claw, in which the obligate parasite Dichelobacter nodosus is essential for the initiation and establishment of the infection (Hindmarsh and Fraser, 1985; Stewart et al., 1986; Egerton, 2000) . In domestic ungulates, particularly in sheep, foot rot is a frequent and economically important disease. Although it is not fatal itself it may lead to separation of the keratinous hoof from the underlying epidermal tissue in the worst case, resulting in severe lameness and inability to feed (Egerton et al., 1969) .
Dichelobacter nodosus has been identified in European mouflon (Ovis a. musimon) suffering from pododermatitis in Germany (Nattermann et al., 1990) . Foot rot was experimentally reproduced in domestic sheep using D. nodosus strains isolated from mouflon (Nattermann et al., 1993) in order to prove the possibility of transmission between different host species. This lack of strict host specificity of D. nodosus was also confirmed by demonstrating natural transmission between sheep and goats (Ghimire et al., 1999) . In alpine countries, such as France, Austria and Switzerland, clinical observations of epidemic pododermatitis were reported in several free-ranging Alpine ibex (Capra ibex ibex) populations (Glawishnig et al., 1998; Delé traz, 2002) . Swiss studies suggested that an exchange between sheep and ibex was possible, but this hypothesis still needed to be confirmed (Janett, 1993) .
Isolation of D. nodosus from affected Alpine ibex feet was been tried but was unsuccessful (Glawischnig et al., 1998; Delé traz, 2002) . Culture of the slowgrowing anaerobic agent is difficult. In addition, a long interval between sampling and bacteriological examination, often inevitable with ibex from remote mountain areas, increases the possibility of overgrowth by contaminating bacteria and thus further reduces the chance of isolating D. nodosus. Molecular methods for the specific identification of D. nodosus have been developed (La Fontaine et al., 1993) , but have never been used in wild Caprinae species. We therefore tested a single-step polymerase chain reaction (PCR) in Alpine ibex and European mouflon affected by pododermatitis and developed a nested PCR to increase test sensitivity in clinical samples. Using this approach, we were able to demonstrate the presence of D. nodosus in foot lesions of domestic sheep and wild ungulates from the Swiss Alps.
MATERIALS AND METHODS
Ibex suffering from lameness were shot by state gamekeepers in different regions of Switzerland. Feet with suspicious lesions were examined grossly. Bacteria from 19 out of 25 ibex were sampled in the field using cotton swabs. Three swabs were used per foot, allowing surface sampling from three distinct sites: interdigital skin, bulb, and wall. Swabs were placed in transport medium (cultureSwab transport system, Difco Laboratories, Detroit, Michigan, USA) and submitted by courier for examination. In addition, feet from eight of 25 ibex were sent to the Institut GalliValerio in Lausanne (Table 1) . Swabs and feet arrived in the laboratory within 48 hr of sampling and were analyzed immediately or stored at 220 C. Furthermore, two Mouflon with clinical signs of foot rot were shot and their feet sent to our laboratory. Sampling in the field was not performed in these cases (Table 1) . Finally, feet of four sheep, two without and two with clinical foot rot, were used as controls. Podal horn was taken from the two affected sheep in the field. From the two unaffected sheep, feet were collected at an abattoir for laboratory diagnosis after clinical examination by a veterinarian. Feet of wild animals were not labeled as anterior or posterior, or left or right upon receipt. However, morphology allowed distinguishing anterior from posterior but not always left from right feet. Samples were excised at the three anatomical sites mentioned above with the exception of the feet from sheep with foot rot, where only horn of the bulb was collected.
Trypticase arginine serine (TAS) medium was prepared using 1.5% (w/v) trypticase peptone (Becton-Dickinson, Cockeysville, Maryland, USA), 0.5% (w/v) beef extract (Oxoid, Lab-Lemco, Prahein, Switzerland), 0.5% (w/v) proteose peptone (Difco), 0.2% (w/v) yeast extract, 0.5% L-arginine HCl (Fluka, Buchs, Switzerland), 0.15% DL-serine (Sigma, Buchs, Switzerland) , and 2% (w/v) Bacto agar (Difco). The final pH was adjusted to 8.0 by addition of NaOH before autoclaving (Skerman, 1975) . Plates were incubated under anaerobic conditions for at least 12 hr at 37 C before inoculation. In addition, bacterial culture was done under anaerobic conditions at 37 C for 4 days on these TAS plates as previously described (Skerman, 1975) . Strain D. nodosus ATCC 27521 grown under the same conditions was used as positive control.
DNA was extracted from cotton swabs in microcentrifuge tubes containing 500 ml of lysis buffer (100 mM Tris-HCl, pH 8.5, 0.05% Tween 20, 0.24 mg/ml proteinase K) and mixed thoroughly for 1 min at room temperature. The cotton swabs were then removed, and the microcentrifuge tubes incubated for 60 min at 60 C followed by an incubation of 15 min at 97 C (Giacometti et al., 1999) . DNA was extracted from excised samples by putting approximately 0.2 g of horn or skin in 400 ml of sterile 0.85% NaCl solution and crushing with a sterile mortar and pestle. Two hundred microliters of this suspension were added to 500 ml of lysis buffer and processed as described above.
All PCR reactions were performed in 0.2-ml thin-walled tubes in a DNA thermal cycler (GeneAmp 9600, Perkin Elmer Cetus Norwalk, Connecticut, USA). The following sequences were used for PCR amplification of the 16S rRNA gene: primer 16SUNI-R 59 AGAGTTTGATCATGGCTCAG 39 (Kuhnert et al., 1996 (Kuhnert et al., , 2002 and primer 16S-L(Dn) 59 AGAGTTTGATTMTGGCTCAG 39 based on the sequence of the primer 27F (Lane, 1991) for the D. nodosus 16S rRNA gene sequence (accession number M35016). Three microliters of lysate were added to a 47-ml reaction mix with a final concentration of 4 mM MgCl 2 , 170 mM of each deoxyribonucleotide triphosphate, 200 ng of primers 16SUNI-R and 16S-L(Dn), 5 ml of 103 PCR buffer (100 mMTrisHCl, pH 8.3, 500 mM KCl) and 1 unit of Taq DNA polymerase (Roche Diagnostics, Plenzberg, Germany). An initial denaturation at 95 C for 3 min was followed by 40 amplifications (95 C, 30 sec; 48 C, 30 sec; 72 C, 70 sec) and a final extension of 5 min at 72 C. The size of the resulting amplicon was 1,400 bp.
For nested PCR, 1 ml of product from the initial PCR amplification was added to 49 ml of amplification mix. The primers tested and described by La Fontaine et al. (1993) were used: 59 CGGGGTTATGTAGCTTGC 39 and 59 TCGGTACCGAGTATTTCTACCCAA-CACCT 39. Conditions were identical to those used for the first amplification except that the MgCl 2 concentration was lowered to 2.5 mM, bovine serum albumin was added at a final concentration of 0.8 mg/ml, and the annealing temperature was increased from 48 C to 50 C (La Fontaine et al., 1993) . This second PCR reaction amplified a 16S rRNA gene fragment of 783 bp within the first 1,400-bp amplicon. Amplification products were analyzed by agarose gel electrophoresis and stained with SYBr Green I (Molecular Probes, Leiden, Netherlands). Positive (lysate from ATCC 27521 culture) and negative (DNA-free mixture) controls were included in each PCR.
To confirm the specificity of the nested PCR for D. nodosus, all amplicons from samples of both wild animal species (mouflon, ibex) and sheep were sequenced. They were purified using a commercial kit (MinElute PCR purification kit, Qiagen, Hombrechtikon, Switzerland) and purified DNA was cloned into pBluescript SK 2 vector (Stratagene, La Jolla, California, USA) using the EcoRV restriction enzyme site (Sanbrook and Russell, 2001) . Sequencing was done by a private company (Synergene-Biotech GmbH, Schlieren, Switzerland). All sequences were aligned to published bacterial sequences using the blastn program (Altschul et al., 1997; http:// www.ncbi.nlm.nih.gov/BLAST).
RESULTS
Twenty-five male ibex (Table 1 ) from 4.5 yr to 14 yr of age (average age of 9.27 yr, median age of 9.5 yr) and two mouflon suffering from lameness were analyzed (Fig. 1) . All animals were male with the exception of mouflon 2030113-007. The following lesions were observed in all feet (Fig. 2) : interdigital exudative (Table 2 ). Each wild animal tested, mouflon and ibex, was infected by D. nodosus in at least one foot.
All sequences from DNA amplicons were analyzed using the blastn program (Altschul et al., 1997) . The highest score was obtained for D. nodosus 16S rRNA gene except for the amplicon obtained from sheep 1. Blastn sequence comparison for this amplicon revealed identity to an uncultivable bacteria.
DISCUSSION
Ibex and mouflon suffering from a disease resembling foot rot in sheep were observed in several areas of the Alps (Glawishnig et al., 1998; Delé traz, 2002) but the etiology had not been confirmed either by culture or by molecular methods. Using a nested PCR we were able to demonstrate the presence of D. nodosus DNA in affected feet. This strongly suggests that ibex and mouflon were infected by the bacteria that cause foot rot in sheep.
Dichelobacter nodosus was reported as the essential pathogen for initiation and establishment of ovine foot rot (Beveridge, 1941; Egerton et al., 1969) and domestic sheep represent the main reservoir of infection (Hindmarsh and Fraser, 1985) . Close contact between sheep and ibex were already reported in the Alps (Janovsky et al., 2001; Giacometti et al., 2002; Belloy et al., 2003) and foot rot was reported to be an endemic disease of sheep in Switzerland (Janett, 1993) .
In sheep, virulent, intermediate, and benign clinical forms of the disease have been described (Stewart, 1989; Wani and Samanta, 2006) . Feet lesions of ibex and mouflon examined in our laboratory were comparable to those found in sheep affected with highly virulent D. nodosus. However, Swiss gamekeepers are not allowed to shoot ibex and mouflon unless they are suffering from severe disease. Therefore, it was not possible to study benign or intermediate forms of infection or feet from healthy wild animals, which could serve as negative controls. However, the pathological lesions observed in addition to our PCR results are compatible with the hypothesis that D. nodosus causes foot rot in free-ranging ibex and mouflon.
In our study, all ibex affected by foot rot were old males (average and median age of 9.27 yr and 9.5 yr, respectively). These animals have a reclusive behavior, except during reproduction. They were observed more frequently on grass-covered slopes facing north and at middle altitudes than were females with their young (Boujon, pers. obs.). Old males, therefore, are often on wet soil of summer pastures shared with domestic sheep and thus more likely to be exposed to these bacteria. Direct PCR as described by La Fontaine et al. (1993) did not allow detection of D. nodosus in ibex and mouflon. Similar observations were made by Moore et al. (2005) for the detection of D. nodosus from clinical samples from sheep. PCR inhibitors in hoof horn, soil particles in the samples, or suboptimal sampling conditions could explain this lack of positive results. To increase sensitivity, we added a second round of PCR amplification using primers within the amplicon of the direct PCR. This allowed detection of D. nodosus from lysed foot samples without DNA extraction or culture of bacteria.
Dichelobacter nodosus DNA could be amplified in all but one of the affected anterior feet from wild and domestic ungulates. The great majority of hind feet tested also yielded positive results. One sheep foot without lesions had a positive amplification result. Sequencing revealed that this was a false positive result, probably because of primer cross-reaction with DNA from an uncultivable bacteria. This illustrates the importance of testing PCR FIGURE 2. Anterior foot of a male ibex with interdigital exudative dermatitis (1), sole ulcer (2) and detachment of the horn of the wall (white line, 3). The sole ulcer was covered by an overgrowth of horn of the bearing border (removed to reveal the ulcer).
results for plausibility and following up unusual results by sequencing.
No amplifiable DNA could be extracted from cotton swabs used for sampling ibex feet in the field, even when skin and horn samples from the same animal, but taken in the laboratory, yielded positive results. Using cotton swabs in the field allowed sampling from the surface but did not penetrate deep enough into skin and horn to reach sites where anaerobic conditions favor growth of D. nodosus. Evidently, the bacterial load of the surface was not massive enough to permit detection of D. nodosus. Moore et al. (2005) used sterile wooden applicator sticks to sample interdigital skin, underrunning sole and wall lesions in sheep, and kept samples at 4 C in medium prior to culture. Therefore, our negative results may be because of inadequate protocols for sampling. In addition, Thorley (1976) observed that a high percentage of agar (4%) may be needed for primary isolation of D. nodosus from sheep; thus, the use of 2% agar in our laboratory may not have been optimal.
In conclusion, using a molecular tool that allows detection of D. nodosus in the horn of wild and domestic ungulates suffering from foot rot, we were able to corroborate the hypothesis that podermatitis in ibex may result from an infection with D. nodosus and that this disease, foot rot, may also occur in wild animals. available. e Nested PCR gave an amplicon but sequencing revealed identity to an uncultivable bacterium.
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